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Abstract 
An MV fault location technique based exclusively on low 
voltage measurements in the distribution network is presented 
in this paper. The technique is based on sequence component 
analysis of the voltage measurements in order to characterise 
the LV voltage during MV faults. The accuracy of the 
technique is evaluated using a DigSILENT PowerFactory 
model where various fault conditions have been studied 
including the impact of distributed generation connection on 
the network voltage profile. The model represents the Power 
1HWZRUNV'HPRQVWUDWLRQ&HQWUH¶V 31'&09Dnd LV test 
network. This is to facilitate the validation of the model in the 
future implementing physical fault testing and measurements 
using the PNDC network.  
1 Introduction 
Accurate fault location is an important function in the toolkit 
of distribution system operators (DNOs) to ensure high level 
of supply availability. DNOs are incentivised to rapidly locate, 
isolate and repair fault to ensure Customer Minutes Lost (CI) 
and Customer Interruptions (CI) are minimised. [1]. 
 
Fault location can be challenging in distribution networks, 
particularly in the presence of distributed generation (DG) and 
during high impedance faults. Over the years academia and 
industry proposed a number of techniques to address some of 
the distribution network specific challenges of fault location  
[2] : 
 
x Impedance based location (fundamental frequency). 
x Travelling wave (high frequency transient analysis). 
x Time Domain Reflectometry (TDR). 
x Artificial Intelligence (knowledge based systems). 
x Distributed measurements (e.g. smart meters, FPIs). 
 
One of the most common techniques is based on the estimation 
of the apparent impedance to fault derived from the 
fundamental frequency voltage and current measurements. 
Those measurements are performed at single or multiple ends 
of the circuit [1], [3], [4]. Improved fault location accuracy can 
be achieved using multi end measurements, however this costs 
more due to the need for multiple measurement devices. 
Impedance based methods assume knowledge of the circuit 
impedance. 
 
Travelling wave based fault location relies on the estimation of 
the time of arrival of high frequency signals originating from 
the point of fault inception on the circuit. The accuracy of this 
method can deteriorate in distribution networks depending on 
the presence of spurs and loading conditions. Furthermore, 
costly measurement equipment is required to perform the 
signal processing requires for this functionality [5], [6]. 
 
A less costly approach relies on Fault Passage Indicators (FPI) 
installed on the circuit which determine the passage of fault 
current and can send an alarm to the network operator to help 
in localising the fault. The presence of DG may necessitate 
directional FPIs (requiring voltage measurements) which 
increases the cost of deployment [5].   
 
Low Voltage (LV) distribution networks are becoming 
increasingly instrumented, especially at secondary substations 
feeding customers. DNOs are increasingly deploying LV 
monitors to enhance the LV network observability [6].  A 
number of techniques focussing on fault location in radial 
circuits have been proposed. These rely on capturing fault 
induced voltage sag using distributed LV voltage 
measurements [7], [8]. 
 
This paper proposes a low cost fault location technique for MV 
networks (both radial and ring topology) based solely on LV 
voltage measurement, capitalising on the increasing presence 
of LV substation monitors and eliminates the need to install 
costly HV voltage and current sensors. The paper first presents 
the fault location principles, which are based on sequence 
component analysis. A simulation case study is then 
formulated and the results are then discussed with a view to 
further validate the technique in the future using physical 
testing at the PNDC [9]. 
2 Faulted Zone location technique 
The proposed method is based on the distributed LV voltage 
measurements. The developed technique compares sequence 
components calculated during the fault to locate the MV 
Faulted Zone (FZ). An FZ would reside between MV pieces of 
switchgear to facilitate the isolation of the fault after its 
location.  
 
The need to perform sequence component calculations dictates 
the technical requirements for the LV monitoring equipment 
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used. To derive the voltage sequence components, 3-phase 
voltage and phase angle are required. For LV monitoring, there 
are mainly two measurement locations. One is in the customer 
premises and the other is at the LV side of secondary 
substations [6] denoted as M1 ± M6 in Figure 1. The devices 
in customer premises such as smart meters only obtain single 
phase quantities and it is not guaranteed that the smart meter 
will give the voltage measurement. On the other hand, the LV 
monitors in secondary substation generally measure 3-phase 
quantities including voltage, current, phase angles and power 
[6] and are thus the ideal data source for the proposed method. 
In addition, as the fault would be cleared within 0.1 s ± 0.5 s 
[10], the LV monitors used for the proposed technique should 
also be able to measure the voltage RMS and angle values 
during the fault period. Modern LV monitors generally could 
record the waveform [11] [12] during the fault period and the 
waveform can then be used to derive both RMS and angle data.   
 
The voltage magnitudes and angles are used to calculate the 
sequence components by the LV monitors, which in turn are 
used to calculate the following parameters: the ratio of positive 
over negative voltage sequence components (ks, see eq. (1)) 
and the percentage difference of the ratios between different 
measurement points (ǻks%, see eq. (2)). The technique thus 
focuses on network imbalances caused by phase to ground, 
phase to phase and phase to phase to ground faults. Zero 
sequence components are not observed at the LV network 
during MV faults due to the delta/star connection of the 
MV/LV transformers. 
 
The proposed fault location technique involves the use of a 
µPHDVXULQJZLQGRZ¶RIWKUHHDGMDFHQW/9PRQLWRULQJSRLQWV
referred as the 3-points window. The adjacency is from the 
point of view of the MV circuit (e.g. the LV monitoring point 
M2 is adjacent to M1). The window would calculate the 
positive sequence voltage (V1) and negative sequence voltage 
(V2) as well as ks and ǻks% at M1, M2 and M3. It is then moved 
downstream by one measurement point (i.e. M2, M3 and M4) 
and the process is repeated until the end of the circuit. For ring 
circuits, the final window location would return to include the 
first measurement point (i.e. M5, M6 and M1). 
 
 
Figure 1: The 3-points window on a random network. 
 
Equation (1) gives the ratio ks, which could be described as a 
³EDODQFH IDFWRU´RIWKHV\VWHPDVWKHKLJKHUWKHUDWLRWKHOHVV
imbalance prevails on the network. The positive over negative 
sequence voltage ratio: 
 
 ݇௦ ൌ ଵܸܸଶ (1) 
 
Equation (2) calculates the percentage difference between the 
ratio ݇௦at various measurement points within a measurement 
window, where ߂݇௦௜௝  is the difference between ratio ݇௦௜ at 
point i and ݇௦௝  at point j, whilst ఀ௞ೞ೔ೕଶ  is the average value of 
factor ݇௦௜ and ݇௦௝ . It is applied to estimate the percentage 
differences between the adjacent nodes, ks1 ± ks2 and ks2 ± ks3, 
and the remote nodes, ks1 - ks3, in a 3-points window. 
 
 ߂݇௦௜௝ ? ൌ ߂݇௦௜௝ߑ݇௦௜௝ ? ൈ  ? ? ? ? (2) 
 
3 Case study 
3.1 Representation of PNDC network. 
Power Networks Demonstration Centre (PNDC) is a research 
and demonstration facility, part of the University of 
Strathclyde, containing an 11 kV and LV configurable network 
[9]. The ultimate future goal of this study is to validate the 
proposed fault location method under real network conditions. 
For this purpose, modelling the PNDC network constitutes a 
critical task of the experiment, as the conducted investigation 
is planned to be demonstrated, by physical testing in PNDC 
facilities. In addition, the aforementioned developed models 
are established as base models, which can be further expanded 
to more complex configurations, thus more challenging 
scenarios. 
 
Part of the modelling process was to build individually the 
31'& QHWZRUN¶V FRPSRQHQWV DFFRUGLQJ WR WKH SURYLGHG
datasheets and related documentation.  The main equipment 
including the Motor Generator (MG) Set, the isolation 
transformer 11/11 kV, the mock impedances (listed at Table 1) 
± which represent the overhead lines and underground cables ± 
the step-down transformers 11/0.433 kV and the LV loads are 
depicted in Figure 2.   
 
Mock 
impedance 
Resistance 
ȍ 
Inductance 
(mH) 
MI_1 0.16 0.6175 
MI_2 0.16 0.6175 
MI_3 0.016 0.062 
MI_4 0.016 0.062 
MI_5 0.032 0.124 
MI_6 1.015 4.98 
MI_7 1.015 4.98 
MI_8 0.032 0.1241 
MI_9 0.032 0.1241 
MI_A 0.117 0.13 
MI_B 0.117 0.13 
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MI_D 0.117 0.13 
MI_E 0.117 0.13 
MI_F 0.117 0.13 
Table 1: Mock impedances. 
 
The modelling has been done in the DigSILENT Power 
Factory software. Two base configurations are the radial and 
ring topologies without distributed generators, which represent 
the actual PNDC network. Both configurations are depicted in 
Figure 2. 
 
An important part of the modelling process to enhance the 
study and increase the number of different scenarios is the 
development of alternative configurations in addition to the 
base configurations. The additional topologies involve 
connection of one distributed generator at the MV side or at the 
LV side, in both radial and ring topologies. Error! Reference 
source not found.2 below illustrates the DG connection points 
in both radial and ring topologies.  
 
 
Figure 2: Representation of network including all base and 
alternative configurations along with all possible events. 
 
The generator connected to the MV (11 kV) feeder is a 
500kVA synchronous machine. The second generator, 
connected at the LV side of transformer E, is a synchronous 
machine with capacity of 50 kVA, nominal voltage 433 V and 
power factor (pf) 0.8. The reason of involving such a scenario 
LVWRLQYHVWLJDWH'*¶VLPSDFWRQWKH/9YROWDJHEHKDYLRXURI
the system ± especially at the measurement point E ± under 
several fault conditions. 
3.2 Simulation cases 
Key role on conducting an experiment of conclusive power is 
the variety and population of independent variables. The term 
³LQGHSHQGHQWYDULDEOHV´UHIHUVWRDQ\FKDQJHDEOHFKDUDFWHULVWLF
in the model. On the other hand, the output of dependent 
variables could be altered by changeable characteristic and 
these output values are examined. Manipulating the 
independent variables and simultaneously studying the effect 
of them on the dependent variables is a typical way for the 
experimenter to reach strong conclusions [13]. 
 
For this purpose, several scenarios combined different aspects 
of the model configuration with changes in the main 
parameters of the network components. For each of the 
configurations referred in previous section, different fault types 
at various locations were applied. 
 
The LV voltage profile during both solid and resistive phase to 
ground and phase to phase faults, in three different locations, 
KDVEHHQREVHUYHG)RUWKHUHDO31'&QHWZRUNȍDQG
ȍLVWKHPLQLPXPFRQILJXUDEOHIDXOWUHVLVWDQFHIRUWKHSKDVHWR 
ground and phase to phase fault, correspondingly. Hence, these 
two values were used in simulation in order to match the real 
PNDC network configurations. Table 2 below lists all the 
simulation cases.  
 
Network 
configuration Fault locations 
Fault types 
ph - ground ph - ph 
Radial 
No DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Ring 
No DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Radial 
LV/ DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Ring 
LV/ DG F1 F2 F3 0 ȍ ȍ ȍ ȍ 
Radial 
MV/DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Ring 
MV/DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Radial 
No DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Ring 
No DG F1 F2 F3 ȍ ȍ ȍ ȍ 
Table 2: List of simulation cases. 
  
Furthermore, the dependent variables of this study are taken 
into account for each of the above simulation cases. The group 
of those variables comprises of voltage root mean square 
(RMS), phase angle and sequence components captured from 
measurement units placed at the LV side of the transformers A, 
B, C, D, E and F, as indicated in Figure 2. 
5 Results 
In this section, the voltage sequence components data, 
extracted from simulations, are used to evaluate the proposed 
FZ location method. Due to lack of space, only the results 
produced by two fault types are going to be analysed for both 
radial and ring configuration. 
5.1 Radial network 
As discussed in section 2, the percentage differences, ǻNsij%, 
captured by the 3-points window, is a key element for the 
location of a faulted zone. In Table , all ǻNs13% data aroused 
after a phase to ground fault (20 ȍ) are listed for each scenario. 
The results show that the 3-points window with the maximum 
ǻNs13% in the network contains the corresponding fault zone. 
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The highlighted values in Table  prove that the above statement 
is a fact for all the simulation cases, under the particular fault 
type. For example, in scenarios where fault occurs at F1 (see 
Figure 2), the greatest percentage difference is the ǻNsAC% and 
this implies the correct fault zone, A-B-C. 
 
DG Fault location 
߂݇௦஺஼  ሺ ?ሻ  ߂݇௦஻஽ ሺ ?ሻ  ߂݇௦஼ா ሺ ?ሻ  ߂݇௦஽ி ሺ ?ሻ  
No 
F1 2.56 0.23  ?݁ି ହ  ?݁ି ହ 
F2 3.25 1.16 16.89 17.62 
F3 3.24 1.16 30.92 34.60 
MV 
F1 2.47 0.22  ?݁ି ସ  ?݁ି ସ 
F2 3.28 1.31 19.55 20.59 
F3 3.28 1.31 35.28 40.10 
LV 
F1 2.53 0.22 -22.68 -0.63 
F2 3.23 1.15 -4.63 15.94 
F3 3.22 1.15 10.63 32.06 
Table 3: 3-points window percentage differences, ǻks13%, for 
ph-ground resistive (20 ȍ) fault. 
 
Similarly, the ǻNs13% results after a phase to phase (ph-ph) fault 
(60 ȍ), listed in the Table 4, indicate the fault zone accurately. 
 
DG Fault location 
߂݇௦஺஼  ሺ ?ሻ  ߂݇௦஻஽ ሺ ?ሻ  ߂݇௦஼ா ሺ ?ሻ  ߂݇௦஽ி ሺ ?ሻ  
No 
F1 2.66 0.23  ?݁ି ହ  ? ?݁ ିହ 
F2 3.37 1.21 17.47 18.26 
F3 3.37 1.21 31.97 35.93 
MV 
F1 2.55 0.22  ?݁ି ସ  ?݁ି ସ 
F2 3.38 1.36 20.11 21.21 
F3 3.38 1.35 36.28 41.41 
LV 
F1 2.63 0.21 -22.84 -0.65 
F2 3.35 1.20 -4.25 16.50 
F3 3.34 1.20 11.47 33.24 
Table 4: 3-points window percentage differences, ǻks13%, for 
ph-ph resistive (60 ȍ) fault. 
 
Solid ph-g and ph-ph faults were also applied with the same 
level of success.   
5.2 Ring network 
In this section, the results related to the ring configurations 
study are listed in Table 1. A comparative analysis to the 
derived sequence components ratios, ks, is applied. The 
SURSRVHGPHWKRGXVHVWKHLQGH[HVµ¶DQGµ¶DVWKHRXWFRPH
of the comparison between two adjacent measurement points. 
For example, if ks at point A is greater than this at point B then 
WKHLQGH[ZLOOEHµ¶,QRWKHUFDVHWKHLQGH[LVµ¶7he moving 
3-points window tracks all the resulted indexes across the 
network and records any FKDQJHIURPµ¶WRµ¶,IRQO\RQH
FKDQJH IURP µ¶ WR µ¶ RFFXUV WKH FRUUHVSRQGLQJ -point 
window contains the fault zone. For instance, when a fault (ph-
g 20 ȍ) RFFXUVDW)%!&LVµ¶ZKLOVW&!'LVµ¶7KHUHIRUH
the fault zone is in the window B-C-D (see Table 5).  
 
:KHQPRUHWKDQRQHFKDQJHVIURPµ¶WRµ¶H[LVWWKHVHOHFWLRQ
of the 3-points window with the highest value of either |ǻks12%| 
or |ǻks23%| needs to be examined. 
 
DG Fault location 
Sequence components ratio, ݇௦ 
comparisons indexes 
A>B B>C C>D D>E E>F F>A 
No 
F1 1 1 0 0 0 1 
F2 1 1 1 0 0 1 
F3 1 1 1 1 0 0 
MV 
F1 1 1 0 0 0 1 
F2 1 1 1 0 0 1 
F3 0 1 1 1 0 0 
LV 
F1 1 1 0 0 1 1 
F2 1 1 1 0 1 1 
F3 1 1 1 0 1 0 
Table 1: Ring configuration sequence components ratios 
comparisons, for ph-g resistive (20 ȍ) fault. 
 
Relevant data taken during a particular scenario, with the 
presence of an LV DG in the network and under resistive fault 
(20 ȍ) conditions, have been collected and listed in Table 2 
below. Both 3-points windows C-D-E and E-F-A showed 
FKDQJHVIRUPµ¶WRµ¶VRWKHLU_ǻks12%| and |ǻks23%| have to be 
compared. 
 
DG Fault location 
ห߂݇௦஼஽ห ሺ ?ሻ  ห߂݇௦஽ாห ሺ ?ሻ  ห߂݇௦ாிห ሺ ?ሻ  ห߂݇௦ி஺ห ሺ ?ሻ  
LV F3 0.005 19.22 19.55 0.41 
Table 2: Absolute values of percentage differences, |ǻks12%| 
and |ǻks23%|, for ph-g resistive (20 ȍ) fault. 
 
The highlighted cell in Table 2 contains the highest value, 
|ǻksEF%|, which belongs to the 3-points window E-F-A. 
Consequently, the fault zone is located within the area E-F-A. 
 
DG Fault location 
Sequence components ratio, ݇௦ 
comparisons indexes 
A>B B>C C>D D>E E>F F>A 
No 
F1 1 1 0 0 0 1 
F2 1 1 1 0 0 1 
F3 1 1 1 1 0 0 
MV 
F1 1 1 0 0 0 1 
F2 1 1 1 0 0 1 
5 
F3 0 1 1 1 0 0 
LV 
F1 1 1 0 0 1 1 
F2 1 1 1 0 1 1 
F3 1 1 1 0 1 0 
Table 7: Ring configuration sequence components ratios 
comparisons, for ph-ph resistive (60 ȍ) fault. 
 
As it can be seen in Table 7, the relevant comparisons results 
aroused under ph-ph 60 ȍfault are exactly the same with those 
under ph-g 20 ȍ Similarly with the previous case, the 
corresponding scenario, including the LV DG connection and 
F3 fault location, presents two 3-points windows with changes 
IURPµ¶WRµ¶7DEOHEHORZFRQWDLQVWKH_ǻks12%| and |ǻks23%| 
data under investigation, in an attempt to identify the FZ. The 
highlighted value is the highest among the others and belongs 
to the E-F-A 3-points window, indicating the FZ. 
 
DG Fault location 
ห߂݇௦஼஽ห ሺ ?ሻ  ห߂݇௦஽ாห ሺ ?ሻ  ห߂݇௦ாிห ሺ ?ሻ  ห߂݇௦ி஺ห ሺ ?ሻ  
LV F3 0.01 19.29 19.63 0.43 
Table 8: Absolute values of percentage differences, |ǻks12%| 
and |ǻks23%|, for ph-ph resistive (60 ȍ) fault. 
 
Figure 3 UHSUHVHQWVJUDSKLFDOO\WKHµ¶DQGµ¶UHFRUGDFURVVWKH
ULQJQHWZRUN&KDQJHVIURPµ¶WRµ¶JLYHD³SRVLWLYH´SHDNLQ
this diagram and denote the presence of at least one generator, 
which is able to support the voltage at the LV side of the 
WUDQVIRUPHUV 2Q WKH RWKHU KDQG WKH ³QHJDWLYH´ SHDNV DUH
LQWURGXFHGE\WKHµ¶WRµ¶FKDQJHVDQGUHYHDOWKHSUHVHQFHRI
faults. The particular scheme describes how the DG connected 
at the LV side of transformer E and the main 5 MVA generator 
as well as the fault F3 contribute to the deviation of the ratio ks 
across the network. 
 
 
Figure 3: Graphical representation of comparative analysis 
indexes record. The F3 (ph-g 20 ȍ) occurs on a network with 
an LV DG connected at the LV side of transformer F. 
 
Another example corresponding to the scenario with no DG 
connection and a ph-ph fault (60 ȍ) injected between 
transformers B and C is demonstrated in Figure 4, below. 
 
 
Figure 4: Graphical representation of comparative analysis 
indexes record. The F1 occurs in a ring network with no any 
DG connected. 
 
6 Conclusions 
The paper proposed the use of LV substation monitors as a cost 
effective means of identifying the fault location in an 11kV 
network. A study based on a DIgSILENT PowerFactory model 
of the PNDC has been used to characterise the LV voltage 
profile and sequence components during an MV fault. The 
simulation results indicate a distinct pattern of measured 
parameters which can be used to accurately locate the MV fault 
location between adjacent LV voltage monitoring locations. 
This would facilitate the rapid location of MV faults and aid in 
the restoration of customer supplies. 
 
It is worth noting, however, that certain requirements need to 
be satisfied so that the fault location can be reliably achieved:  
 
x Accurate voltage RMS and angle measurements are 
required for the correct calculation of the sequence 
components. 
x Calibration and coordination of the metering units with 
the aid of telecommunication systems is a prerequisite 
for the normal operation of the fault location technique. 
However, the communications system requirements 
should not be onerous due to the minimal amount of 
information that needs to be transferred for the 
comparison between LV measurement locations. 
 
It is envisaged that an implementation of an algorithm, based 
on the identified LV voltage profile characteristics, will be 
deployed in the PNDC test network and validated using 
physical testing.   
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